The LHC is currently operating with a proton energy of 4 TeV and Ã functions at the ATLAS and CMS interaction points of 0.6 m. This is close to the design value at 7 TeV ( Ã ¼ 0:55 m) and represented a challenge for various aspects of the machine operation. In particular, a huge effort was put into the optics commissioning and an unprecedented peak beating of around 7% was achieved in a high energy hadron collider.
I. INTRODUCTION
High energy colliders have not traditionally required high precision control of their optics. The maximum relative deviation of the function with respect to the model ( beating) is an appropriate figure of merit to compare different colliders. An illustration of the achieved peak beating in various high energy colliders is shown in Table I as collected during the ''Optics Measurements, Corrections and Modeling for High-Performance Storage Rings'' workshop [1] . References for the various machines on the table are: PEP II [2] , LEP [3] , KEKB [4] , CESR [5] , HERA-p [6] , Tevatron [7] , and RHIC [8] . The record low beta beating is held by CESR, the smallest of these colliders with a 768 m circumference. The achieved peak beating in these machines is far from the 1%-2% in modern light sources such as DIAMOND [9] , SOLEIL [10] , and ALBA [11] .
The CERN LHC is the first high energy collider with tight design tolerances on optics errors to guarantee the machine protection during operation with beam. The functions are usually squeezed to the minimum possible value in the two interaction points (IPs) where the ATLAS and CMS detectors are placed. The functions in these interaction regions (IRs) are as large as 4 km for Ã ¼ 0:6 m (see the layout and optics in Fig. 1 ). The quadrupole triplets next to the IP host the two LHC beams. A peak beating below 15% and 19% is required during collisions for the horizontal and vertical planes, respectively [12] .
The first optics measurement of the LHC [13] revealed an unexpectedly large beating of 100%. The leading source of this error was identified as a cable swap between the two beam apertures of a quadrupole. In a machine as large as LHC, this finding was likely only possible with the aid of a new approach for optics correction, the segment-bysegment technique [13] . This technique has evolved to include the full set of linear optics parameters in the general case of a coupled lattice [14] . The time evolution of the LHC peak beating at injection energy is shown in Fig. 2 together with specified tolerances and rms orbit. A clear correlation between beating and rms orbit is observed in the figure. This is due to the fact that the orbit correction algorithm uses the design optics. Therefore, correcting the beating benefits not only machine protection and luminosity production but also a wide range of machine parameters and operational aspects. For the first time in 2012, the injection optics was corrected to be within design tolerances (the rms orbit was low enough to allow for the larger beating in previous years).
A 10% peak beating at top energy was already demonstrated in the LHC in 2010 [15] . However, owing to the change in the hysteresis branch of some quadrupoles involved in the correction, during regular operation it was not possible to keep this 10% beating. In 2011 this technical obstacle was solved [16] and a beating near 10% became operational [17, 18] . 2011 started with a Ã ¼ 1:5 m and intensive optics corrections following the same strategies as in [15] . In August a beta squeeze down to Ã ¼ 1 m was successfully commissioned [18] , apparently without requiring further optics corrections, although precise Ã measurements were not performed. Between these two periods of different Ã , the luminosity imbalance between the ATLAS and CMS experiments increased from roughly 5% to 10% [19] (providing more luminosity for CMS). Squeezing further down to 0.6 m in 2012 could increase the luminosity imbalance to intolerable levels. It was therefore decided to place special attention to the optics commissioning following the procedure below: The various steps during the 2012 optics commissioning down to Ã ¼ 0:6 m are described in the following sections. Section IV explains why it was not required to resort to point (v). Section V describes the off-momentum optics measurements.
II. MEASURING THE VIRGIN MACHINE
All beating and coupling corrections prior to 2012 were removed all along the LHC magnetic cycle. The global coupling correction knobs were slightly improved for 2012 [20] . The LHC ac dipoles [21] were used to measure the functions along the Ã -squeeze process. A subset of the measurements are shown in Fig. 3 versus the longitudinal position for beam 1 and beam 2. A peak beating of about 100% is reached for Ã ¼ 0:6 m. The beating rms and peak values corresponding to all measurements during the squeeze are shown in Fig. 4 . A monotonic increase of the peak and rms values is observed while reducing Ã , suggesting the need of local optics corrections in the interaction regions (IRs).
The normalized horizontal dispersion (D x = ffiffiffiffiffiffi x p ), which is independent of beam position measurement (BPM) calibration errors [22] , was measured only at Ã ¼ 0:6 m since this requires extra time for the measurements at different relative momentum deviations. Figure 5 shows the deviation of D x = ffiffiffiffiffiffi x p with respect to the model (normalized dispersion beating) for both beams. The measured deviation of D x = ffiffiffiffiffiffi x p clearly exceeded the 1:25 Â 10 À2 ffiffiffiffi m p tolerance specified in [12] and required attention in the following corrections.
III. LOCAL AND GLOBAL CORRECTIONS
Local corrections are best suited for the IRs where the functions are large and there are independently powered quadrupoles. However, the small phase advance between quadrupoles introduces some degeneracy in the possible corrections. To minimize the level of degeneracy multiple optics were corrected simultaneously for both beams in 2012. Figure 6 shows an illustration of a simultaneous correction for six different optics (three per beam) using the segment-by-segment technique for IR5. The errors are assumed to be independent of the magnet strength. This approach gave considerably different results than for 2011. A comparison between the 2011 and the 2012 correctors is given in Table II . It is observed that more correctors are required when considering all the optics together. The good quality of the corrections, as illustrated in Fig. 6 , in this tightly constrained scenario provides confidence in this approach. Global corrections are required to take care of the optics errors in the arcs and the residuals from the IR local corrections. All available singly powered quadrupoles were used to minimize the beating and the normalized dispersion beating at all BPMs in an inverse response matrix approach. In 2011 only the beating was corrected, regardless of the dispersion. The 2012 global corrections required approximately twice larger correction strength than in the previous year. Figures 7 and 8 show the unprecedented low beating and normalized dispersion beating achieved after the global corrections. Figure 9 shows the evolution of the beating along the squeeze after local and global corrections. This figure is to be compared to Fig. 4 . Table III shows the evolution of the peak and rms values during the correction process. The normalized dispersion was within tolerance already after the local corrections. The global corrections further reduced its deviation by a factor of 4 for beam 1. Similarly the beating is already within specifications after the local corrections. After global corrections the record peak beating of ð7 AE 4Þ% is achieved for the first time in a high energy hadron collider. This value matches the current record for high energy lepton colliders held by CESR. IR3  IR4  IR5  IR6  IR7  IR2  IR8  IR1 LHCB1 4TeV β*=0.6m IR1  IR2  IR3  IR4  IR5  IR8  IR6  IR7 LHCB2 4TeV β*=0.6m 
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This achievement owes to many actions during the design and construction of the machine. Some notable illustrations of these are: (i) the meticulous magnetic field quality specification [12] , (ii) a careful installation strategy [23, 24] , (iii) an elaborate magnet model [25] , (iv) the installation of an AC dipole [26] to excite transverse oscillations adiabatically [27] , (v) an excellent BPM system [28] (less than 1% BPM failure as shown by singular value decomposition and fast-Fourier-transform analyses [29] ), and (vi) an elegant approach for the cancellation of the spurious effects of the AC dipole on the optics measurements [30, 31] .
IV. MEASUREMENTS FROM K MODULATION AND LUMINOSITY IMBALANCE
The low phase advance within the triplets of the IRs makes it impossible to measure the functions in this region using the three BPM method [3] . Changing the strength of the quadrupoles and determining the average at the quadrupole via the measured tune shift is the appropriate approach for the triplet. This measurement was conducted in the four quadrupoles next to the ATLAS and CMS IPs (Q1s). Figure 10 shows the measured beating at Q1 for the two beams, planes, and IPs. All the measured values are below 5%, confirming the good quality of the correction. These measurements are typically used to infer the Ã , however the error propagation to the IP for this particular measurement yields a too large uncertainty on the Ã . At this point during the optics commissioning it was decided that no further corrections would be needed, awaiting for the ultimate confirmation: the luminosity imbalance. After the precise calibration of the luminosity from the experiments in April 2012 [19] the imbalance between the published values from the two detectors was below 3% [32, 33] . This is the lowest imbalance reached so far in the LHC.
V. MEASUREMENTS OF CHROMATIC BEATING
Nonlinear effects play an important role when energy and intensity are pushed to the limits. If the chromatic aberrations are not under control, the end result may be a larger tune footprint, reduced aperture, and beam lifetime. In [34] first LHC measurements of the chromatic functions were reported.
The Montague functions [35] are used to describe the chromatic aberrations. The chromatic A and B functions are defined as
where p is the relative momentum deviation. The derivatives of the Twiss functions are then evaluated at each beam position monitor by making a measurement for at least three different values for p . The Montague function is defined as
The Montague function is invariant in achromatic regions. As a result, by looking at the derivative of the Montague function, one can see the most critical regions for chromatic imperfections. Figures 11 and 12 show the comparison between the model and measurement for the 0.6 m Ã optics at 4 TeV before and after correction, respectively. ALICE is at the another confirmation of the good quality of the optics corrections.
VI. CONCLUSIONS
At 4 TeV the LHC optics has been successfully commissioned almost to its 7 TeV design Ã . The strategy was to measure the virgin machine with the best possible accuracy and compute corrections compatible with a large set of different optics for both beams. For the first time functions and normalized dispersion were corrected simultaneously. All this resulted in a record low peak beating of ð7 AE 4Þ% for high energy hadron colliders and matches the current record for high energy lepton colliders held by CESR. No dedicated IP corrections were required to achieve the lowest (so far) luminosity imbalance between the two main detectors in the LHC. 
